Foot-and-mouth disease virus (FMDV) RNA utilizes two in-frame initiation codons to produce two precursor proteins with identical carboxy termini. The 5' untranslated region (5'UTR) directs the ribosome to internal sequences without the need for a cap structure as used in host mRNAs. The FMDV 5'UTR was cloned upstream of the reporter gene chloramphenicol acetyltransferase (CAT) in order to study the selection of initiation site and to facilitate quantification of the translation products. After in vitro transcription with T7 RNA polymerase and translation in rabbit reticulocyte lysate, the two CAT products, resulting from initiation from the two initiation codons, were quantified. The downstream initiator AUG (AUGLb) was selected more efficiently in the wild-type 5'UTR. In truncated RNA, the upstream initiation site (AUGL~b) was more efficiently utilized than in the wild-type 5'UTR. Protein synthesis initiation factors were added to translation assays to determine whether these factors influenced initiation site selection. Addition of eIF-2 and of eIF-2B changed the selection process for both types of RNA. These factors induced a 2.5-fold higher usage of the upstream AUGL~ b for wildtype and 5'UTR-truncated RNA. A change in mRNA concentration also induced a change in the usage of initiation codons; however, the effect of elF-2 was measured over a broad range of mRNA concentrations. In conclusion, elF-2 mediates the recognition of the initiation codon during both cap-dependent and internal ribosome entry site-dependent initiation.
Introduction
Protein synthesis in mammalian cells is initiated by the binding of eIF-4E to the cap of an mRNA (Rhoads, 1988; Sonenberg, 1990) . Two other proteins assemble on eIF-4E to form eIF-4F, before or after cap binding (Thach, 1992) . Cap recognition starts the unwinding of the 5' untranslated region (UTR) of mRNA, performed by eIF-4A and eIF-4B (Sonenberg, 1990) , in order to facilitate entry into the 40S ribosomal subunit, containing eIF-1 A, -2 and -3, Met-tRNA and GTP (Hershey, 1991) . In the presence of GTP, a ternary complex is formed between eIF-2, GTP and Met-tRNA. This complex can bind to the 40S subunit. After initiation, eIF-2 is released as inactive eIF-2 GDP. The guanine nucleotide exchange factor eIF-2B exchanges GDP for GTP, thereby re-activating eIF-2 (Proud, 1992 Phosphorylation of the ~ subunit of eIF-2 prevents exchange activity. Phosphorylation by the haeminregulated inhibitor (HRI) can occur as a consequence of low haemin concentration in reticulocyte lysates, or by PKR, the dsRNA-activated protein kinase. PKR activation is prevented by 2-aminopurine (2-AP) or excess dsRNA (Proud, 1992) .
The RNA structural elements involved in selection of the initiation codon have been reviewed (Kozak, 1991) . The scanning process is stopped by recognition of the nucleotide sequence around the initiation codon by one of the translational components. The most likely candidate is eIF-2 (Cigan et al., 1989; Dorris et al., 1995) bound to Met-tRNA (Cigan et aL, 1988; Sonenberg, 1991; Thomas et al., 1992) , possibly supported by basepairing between rRNA and mRNA (Bommer et al., 1991 ; Cavener & Ray, 1991 ; Pilipenko et al., 1992) . Indeed, the activity of eIF-2 and the amount of the ternary complex eIF-2-Met-tRNA GTP determine the selection of the initiation codon in an mRNA with two initiation codons for protein synthesis in tandem (Dasso et al., 1990 ). An increase in the concentration of eIF-2 leads to an improved recognition of the more upstream AUG (Dasso et al., 1990) . Part of this study is to determine whether eIF-2 or eIF-2B plays a role in the recognition of the WT , FMDV Fig. 1 . Schematic representation of the constructs used. The EMC constructs have been described before (Scheper et aL, 1991 (Scheper et aL, , 1992 initiation codon in foot-and-mouth disease virus (FMDV) RNA translation. Protein synthesis on FMDV RNA initiates in a capand p220-independent way, in contrast to initiation on cellular mRNAs (Devaney et aL, 1988) . p220 is the largest subunit of elF-4F, a three subunit complex containing p220, eIF-4A and the cap-binding protein eIF-4E. The integrity of p220 regulates the mRNAbinding activity of eIF-4E (Scheper et al., 1992) ; the activity of p220 seems irrelevant for picornavirus RNAs as they are naturally uncapped (Sonenberg, 1990; Etchison et al., 1982) . The translational apparatus binds the picornavirus RNA at or just upstream of the initiation codon (Kaminski et al., 1990; Pelletier & Sonenberg, 1988) . The two modes of contact of the 40S subunit with an mRNA, Y-end-dependent or -independent, may also influence the way the initiation codon is recognized. The upstream initiation codon in FMDV RNA is recognized by internal initiation, mediated by the internal ribosomal entry site (IRES); recognition of the downstream initiation codon is most likely via the leaky scanning method (Kozak, 1991) by ribosomes that skipped the upstream initiation codon (Belsham, 1992) . Initiation of FMDV RNA translation at the two initiation codons, designated AUGL, b and AUGLb (Clarke et al., 1985) , results in two polyproteins that are cleaved to yield two proteases, p20 (or Lab) and p16 (or Lb), with identical carboxy termini. The p16 protein is post-translationally modified (Sangar et aL, 1987) .
Some picornavirus RNAs, such as FMDV RNA (Sangar et at., 1987) and hepatitis A virus RNA (Tesar et al., 1992) , possess two naturally occurring initiation codons. These RNAs seem particularly suitable to study the role of initiation factors in the choice of initiation codon. In this study we addressed the role of elF-2 and eIF-2B on AUG recognition using the 5'UTR of FMDV, because of the presence of the two initiation codons and because previous studies have shown that deletions in the 5'UTR lead to a switch from internal, 5'-end-independent initiation to 5'-end-and cap-dependent initiation (Belsham, 1992) . The FMDV 5'UTR was linked at the second, downstream AUG to the reporter gene chloramphenicol acetyltransferase (CAT). T7 RNA polymerase-derived transcripts were used to program translation in rabbit reticulocyte lysate. Using a purified, reconstituted translation assay, the effects of varying concentrations of initiation factors, mRNA and ribosomes were studied. The results indicate that an initiation complex with active elF-2 is formed at the upstream initiation codon.
Methods
Plasmid constructs. Plasmid FMDV-CAT is pBSII SK-(Promega), containing the A10 FMDV 5'UTR (a gift from B. Clarke and G. Belsham) from domain 2 (Pilipenko et al., 1989) up to the second initiation codon, followed by the CAT gene. The polylinker region upstream of the FMDV sequence contains an EcoRI site. Three deletions were made in the FMDV 5'UTR with EcoRI and either Xbal (EAX FMDV-CAT), KpnI (EAK FMDV-CAT) or HindlII (EAH FMDV-CAT) (Fig. 1) . Constructs containing encephalomyocarditis virus (EMC) RNA and the CAT gene were made similarly (Scheper et al., 1991 (Scheper et al., , 1992 (Fig. 1) .
Initiation factors. Initiation factors have been purified and characterized previously (Scheper et al., 1992; Voorma et al., 1979) . eIF-2 and eIF-2B co-purify as a complex (eIF-2-eIF-2B) during the first steps of chromatography on Sephadex G100, DEAE-cellulose and phospho-cellulose, and this complex was used as the source for elF-2 and elF-2B (for gel analysis, see Salimans et al., 1984) . Purification of eIF-2 and eIF-2B was as described (Oldfield & Proud, 1992) .
Transcription and translation. Transcription with T7 RNA polymerase in the absence and presence of the cap structure analogue 7mGpppG to obtain uncapped and capped transcripts, and translation in 5 ~tl rabbit reticulocyte lysate assays containing haemin, were as described before (Scheper et al., 1992) . Capped RNAs are indicated with a 7m prefix. The difference in lengths of the transcripts was at most 25%; the resulting difference in molarity after addition of equal amounts of transcript was compensated for by titrating the mRNA. Two types of lysate were used in this study, each type comprising three batches. One series of lysate (lysate A) was not stimulated by the protein kinase inhibitor 2-AP and eIF-2c~ phosphorylation did not change during incubation (data not shown), indicating that the dsRNAactivated kinase was not activated during translation (Proud, 1992) . The second series of lysates was stimulated by 2-AP and dsRNAactivated kinase was activated by dsRNA contamination of in vitrosynthesized transcripts (lysate B). The conclusions drawn using the two types of lysates were identical; the basal level of the ratio of AUG codon usage was different, but the effects of factor additions were similar.
The purified, reconstituted translation assay was composed of purified initiation factors, ribosomes, tRNA, mRNA and a small amount of cytosolic proteins, containing aminoacyl tRNA synthetases, elongation factors and termination factors. The assay is strongly dependent on each component, as described (Thomas et al., 1980) . Translation products were separated by SDS-PAGE and quantified by laser densitometry (Ultroscan; LKB) of the autoradiogram (Hyperfilm; Amersham) or by cutting the radioactive bands from the gel and determining the level of radioactivity.
Results

Effect of deletions in the 5"UTR on initiation codon selection
FMDV-CAT RNA and truncated species were made in capped and uncapped forms. Similarly constructed EMC transcripts were included as controls. A schematic representation of the DNA constructs is given in Fig. 1 . RNAs were translated in reticulocyte lysate and the products analysed by gel electrophoresis, fluorography and quantification by laser densitometry (Fig. 2) .
With the uncapped RNAs, the highest levels of synthesis of CAT was obtained with full-length FMDV-CAT and EMC-CAT RNA ( Fig. 2 ; lanes 1 and 10). Deletion of part of the 5'UTR reduced translational efficiency as expected (lanes 3 and 12), as the IRES sequence starts just upstream of the XbaI site ( Fig. 1 ; Belsham, 1992) . This observation is in agreement with previous data showing internal initiation on the FMDV and EMC 5'UTR and strongly decreased initiation with deleted forms of these 5'UTRs (Scheper et al., 1992; Belsham & Brangwyn, 1990; Jang et at., 1988; Kfihn et al., 1990) .
Capping of the full-length FMDV and EMC transcripts resulted in less activity, most likely due to competition for translational components between the introduced cap structure and the IRES. More extensive deletions in the EMC 5'UTR reduced translation of capped RNAs further. The capped EAK and EAH forms of FMDV-CAT RNA were, however, more active than their uncapped counterparts. The explanation is likely to be found in the number of remaining potential initiation codons in the truncated 5'UTR (Fig. 1) . The deletion constructs of EMC RNA contain upstream AUGs in the 5'UTR, whereas the 5'UTRs of EAK and EAH FMDV-CAT transcripts lack these upstream AUGs. Fortuitous initiation at upstream AUGs inhibits initiation at the correct codon (Kozak, 1991 ; Pelletier & Sonenberg, 1988) . It is not clear why the shorter EAH FMDV-CAT RNA should be less active.
The ratio of initiation on the FMDV 5'UTR at AUGL~ b to that at AUGLb, leading to a long and a short form of CAT, was determined by densitometry (Fig.  2) . The strong preference of the ribosomes to skip AUG~ b in wild-type RNA was reduced with the truncated EAK and EAH transcripts of FMDV RNA. These properties of the deletion derivatives of FMDV-CAT RNA suggest that destruction of the IRES forces the ribosomes to bind the mRNA in a capdependent manner, just as for cellular mRNA initiation. Indeed, translation of capped, truncated RNAs was more efficient (Fig. 2, lanes 5-8) than translation of the wild-type 5'UTR (lanes 1 2). An exception was EAX FMDV-CAT RNA; translation with this RNA was probably due to inefficient internal entry of the ribosome, as capping of the RNA did not stimulate initiation (Fig.  2, lanes 3-4) .
The results shown in Fig. 2 and described elsewhere (Belsham, 1992) indicate that truncation of FMDV-CAT RNA results in a switch from internal, cap-independent translation to a 5' end-and cap-dependent one in EAK and EAH FMDV-CAT, as expected from studies determining the boundaries of the FMDV IRES (Belsham & Brangwyn, 1990) . The upstream AUGL~ b is recognized by 5' end-dependent initiation and scanning from 5' sequences in the truncated RNAs. Therefore, the implication is that AUGL~ b in FMDV-CAT RNA is recognized independently from the 5' end, in a similar way to the only initiation codon in EMC-CAT RNA. It has been shown that the ribosome lands at or very close to the EMC initiation codon and not at some distance upstream (Kaminski et al., 1990; Davies & Kaufman, 1992) .
Effect of initiation factors on initiation site selection
The switch from internal initiation (in FMDV-CAT RNA) to cap-dependent initiation (for example in EAK FMDV-CAT RNA) enables the investigation of the influence of initiation factors on initiator AUG selection The ratio of the CAT products in the absence of added eIF-2-eIF-2B was slightly higher than in Fig. 2 , due to the change in the salt concentration necessary to compensate for factor addition.
with both types of initiation. All known initiation factors were added to reticulocyte lysate assays and the CAT products were quantified. The results for eIF-2-eIF-2B complex are shown in Fig. 3 . Translation of both RNAs, as determined by hot TCA-precipitable radioactivity, was slightly stimulated by eIF-2-eIF-2B complex (about 30%). This suggests that under the assay conditions used the presence of haemin in the assay did not completely prevent eIF-2c~ phosphorylation (Hershey, 1991; Proud, 1992) . For FMDV RNA, the percentage of preCAT over total synthesis was increased by elF-2-eIF-2B addition from 17% to 24%; for the truncated 7mEAK FMDV-CAT RNA the level went up from 46 % to 61%. Although the two types of RNA are translated via different mechanisms, either cap-dependent or -independent (Fig.  2) , the effect of eIF-2-eIF-2B addition on initiation site selection was similar, a relative increase of translation on AUGL~ b of 30 %.
All other initiation factors tested for their ability to influence the recognition of potential initiation sites (elF-1, -1A, -3, -4A, -4B, -4E, -4F and elF-5) did not consistently change the utilization of these sites (data not shown).
The effect of elF-2-elF-2B, as shown in Fig. 3 , was studied further. It has already been ruled out by others that translational stimulation itself, induced by eIF-2 addition to reticulocyte lysates, caused the ribosomes to prefer the upstream A U G (Dasso et al., 1990) . Nevertheless, we tested whether a general increase or decrease in translation would cause preferential utilization of the upstream AUG. Addition of edeine, an inhibitor of initiation (Kozak & Shatkin, 1978) , or tRNA, as well as a change in the incubation temperature from 25 °C up to 30°C and 37°C caused a change in translational efficiency but the ratio of A U G utilization remained the same (data not shown).
The drawback of the reticulocyte assay is that initiation factors can only be added on top of the amounts already present. This leads to high concentrations of factors and effects can only be seen from a basic level upwards (Kozak, 1992) . This property may partially mask the effect of elF-2-eIF-2B. Therefore, we added elF-2~IF-2B to a fully reconstituted in vitro cellfree protein synthesis assay. The assay contained ribosomes, purified initiation factors, a small amount of cytosolic proteins as a source of elongation factors and aminoacyl tRNA synthetases, tRNA and mRNA. The system was dependent on the addition of all initiation factors except for elF-5, as described before (Thomas et al., 1980) . Incorporation of [a~S]methionine into CAT by FMDV-CAT and capped EAK FMDV-CAT RNA was stimulated about fivefold by elF-2 eIF-2B addition (Fig. 4) . The percentage of preCAT over CAT plus preCAT was increased strongly by elF-2-eIF-2B addition for both types of mRNA. Without elF-2-eIF-2B addition, 20 % of the proteins synthesized resulted from initiation at AUGLa b and 80 % from initiation at AUGLb, comparable to the ratio found in reticulocyte lysate (Fig.  3) . At the highest eIF-2-elF-2B level tested, about equal amounts of the CAT proteins were made. This result were performed as described (Scheper et al., 1992; Thomas et al., 1980) with the following addition of initiation factors: elF-l, 6 ng; eIF-1A, 48 ng; elF-3 and eIF-4F, 330 ng; eIF-4A, 300 ng; elF-4B, 640 ng; eIF-5, 15 ng. In lanes 1, 6 and 11 no eIF-2-elF-2B was added; in lanes 2 and 7, 53 ng of eIF-2-eIF-2B was added; lanes 3 and 8 contain 106 ng; lanes 4 and 9 contain 160 ng; and lanes 5 and 10 contained 200 ng. Due to the low concentration of eIF-2B, more protein could not be added. (b) The CAT products produced in the assays detailed in (a) were quantified by densitometry. strengthens the conclusion obtained from Fig. 3 and shows that the effect of eIF-2-elF-2B on A U G utilization can be measured at 20 I.tg/ml. Furthermore, the effect is not restricted to the reticulocyte lysate, in which eIF-2 can only be added in excess. It is remarkable that the ratio for F M D V -C A T R N A approached the ratio found for EAK F M D V -C A T RNA, a result never seen in the lysate assay. The conclusion from Fig. 4 , the artificial protein synthesis assay with purified components, is the same as that from the reticulocyte assay, which reflects in vivo conditions better.
In previous experiments, the eIF-2-eIF-2B complex was used. We next examined whether elF-2 or eIF-2B could discriminate between the initiation codons (Fig. 5) . The 7mEAK F M D V -C A T R N A was translated in reticulocyte lysates and eIF-2, elF-2--eIF-2B, eIF-2B and 2-AP were added. Addition of each of the three proteins or of 2-AP stimulated translation two-to threefold. More striking was that the percentage of preCAT over total CAT products was increased by eIF-2B and eIF-2 as well as by 2-AP. We conclude that an increase in the amount of active eIF-2, either by addition of eIF-2, eIF-2-elF-2B or 2-AP, leads to preferential initiation on the upstream AUG.
The addition of eIF-2B had the greatest effect on the shift of initiation from the downstream to the upstream AUG. The quantitative effect of each factor was however not investigated.
Effect of m R N A and ribosome concentration on AUG selection
The m R N A concentration determined initiation codon selection in an influenza virus NS transcript (Dasso et al., 1990) . We wanted to know whether the eIF-2 effect was valid over a broad range of m R N A concentrations for the F M D V -C A T RNAs.
The results for F M D V -C A T R N A and 7mEAK F M D V -C A T R N A are shown in Fig. 6(a, b) . Low concentrations of m R N A limited translation and more than 100ng of m R N A saturated the assays, in the presence or absence of eIF-2. The amounts of m R N A limiting and saturating the assays differed slightly between different lysates. In general, wild-type R N A saturated the assay at lower amounts than the truncated RNAs. At increasing m R N A concentrations, the selection of initiation codon changed in favour of the downstream codon. The effect of m R N A was only just apparent with lysates A (see Methods) and was not significant with F M D V -C A T R N A in the absence of added eIF-2 (Fig. 6a) . This is probably owing to the differences in concentrations of active elF-2 and ribosomes in the different batches of reticulocyte lysates. However, the important point is that addition of eIF-2 changed the selection process in favour of the upstream initiation codon at all m R N A concentrations.
Ribosomes were titrated in the reconstituted system to A. Thomas, R. Rijnbrand and H. Voorma investigate initiation codon selection in an experiment similar to that shown in Fig. 4 for eIF-2. The concentration of ribosomes determined the process of initiation codon selection just as elF-2 (data not shown): an increase in the ribosome concentration induced initiation on AUGL~ b. The most straightforward conclusion is that a ribosome--eIF-2 complex selects the initiation codon.
Discussion
In this paper we utilized the two naturally encoded initiation sites of FMDV RNA to investigate the role of initiation factors in the selection of initiation codons. By deleting the 5' part of the 5'UTR, leaving the nucleotide sequence around the two initiation sites intact, the possibility of internal entry of the ribosome was abolished (Belsham & Brangwyn, 1990) . The resulting transcripts allowed the determination of initiation factor dependence on initiation codon selection in cap-dependent and -independent translation of mRNAs with identical sequences around the AUGs. Fig. 2 shows that this deletion caused a shift from capindependent translation to cap-dependent translation, as expected from the determination of the boundaries of the FMDV IRES (Belsham & Brangwyn, 1990) . The ratio of start site selection changed dramatically due to the deletion of 5' sequences; the destruction of the IRES caused initiation to start at the cap structure (Sonenberg, 1990 (Sonenberg, , 1991 Jang et al., 1988) . Therefore, the upstream AUGLa b was the first to be encountered by the translational machinery. The much lower rate of selection of AUGLa b in intact FMDV-CAT RNA means that this A U G is not recognized by a 5' to Y process and that the ribosome enters directly on it, similar to the situation in EMC RNA where the ribosome lands at or very close to the initiation codon and not at some distance upstream (Kaminski et al., 1990; Davies & Kaufman, 1992) . The same conclusion was obtained with transfection experiments with the F M D V 5'UTR (Belsham, 1992) . The entry of the ribosome may even be downstream of the initiation codon, followed by scanning backwards to the upstream A U G (Rozen et al., 1990) . Internal initiation on intact hepatitis A virus RNA has been shown to direct the ribosome mainly to an initiation codon at position 741 ; disruption of internal initiation by deleting part of the 5'UTR caused an increase in initiation at an A U G at 735 (Tesar et at., 1992) . This observation is very similar to the result shown in Fig. 2 .
The utilization of two potential initiation codons seems to depend on the F M D V serotype ( Fig. 2 ; Belsham, 1992) , the translational components (Kfihn et al., 1990) and on the salt concentrations (Sangar et al., 1988) . The upstream A U G was more efficiently utilized in baby hamster kidney (BHK) cells than in reticulocyte lysates (Sangar et al., 1988) . Our results and those of others (Dasso et al., 1990) suggest that the ratio of eIF-2-eIF-2B over other translational components is different in BHK cells fi'om that in reticulocyte lysates. Dasso et al. (1990) investigated the role of initiation factors in the selection of initiation codons in a construct containing two in-frame AUGs. The mRNA did not contain an IRES and recognition of the AUG was therefore in a 5' to 3' direction, initiated by binding of eIF-4F to the free 5' end. Addition of eIF-2 increased initiation on the upstream AUG. The conclusion was that the increased availability of active eIF-2 increased the concentration of eIF-2-Met-tRNA-GTP-40S complex and therefore increased initiation on the upstream AUG. A very similar mechanism regulates yeast GCN4 mRNA translation (Cigan et al., 1989 (Cigan et al., , 1991 . Initiation codon selection by eIF-2 has now been shown for capdependent initiation (Dasso et al., 1990 ; this study), for initiation by leaky scanning and termination-reinitiation (Cigan et al., 1988) and for internal initiation on FMDV-CAT RNA (Figs 3 6) .
How does an increased concentration of active eIF-2 induce the preferential recognition of the upstream AUGL~b? Work by others (Cigan et al., 1989; Dasso et al., 1990) supports the model in which a high concentration of active eIF-2 leads to 40S initiation complexes competent to initiate at the first AUG encountered, which is the most 5' AUG (Kozak, 1991) . As selection in intact FMDV RNA resulted in a low preference for the upstream AUG, in contrast to the situation after 5' end-dependent scanning, the initiation codon is not recognized in a scanning-like mechanism. The data are consistent with the suggestion that the 40S initiation complex is assembled at the initiation codon and not at upstream sequences. An alternative explanation is that a 40S-mRNA complex is assembled in the IRES, upstream of the initiation codon AUGL~ b, and that in the presence of active eIF-2 the ribosome transfers from the IRES to the nearby initiation codon. In the absence of eIF-2 the ribosome is unable to initiate at the nearby AUG and moves downstream to AUGL. o, a situation very similar to initiation on the yeast GCN4 mRNA (Cigan et al., 1989 (Cigan et al., , 1991 . During movement towards AUGLb, eIF-2 binds to 40S, unless the activity or amount of eIF-2 is too low, resulting in abortive initiation.
The observation that the ratio of CAT products changed upon titration of eIF-2 (Fig. 4), mRNA (Fig. 6 ) and ribosomes (data not shown) suggests that the activity of a ribosome-mRNA eIF-2 complex determines initiation site selection. The absence of any effect upon addition of eIF-4A or eIF-4B suggests that these factors unwind mRNA without recognition of specific nucleotide sequences. Apparently, eIF-2 activity stops 5'UTR scanning and induces the formation of translationcompetent ribosomes. The activity of eIF-2 was increased by eIF-2B and by 2-AP, which prevent the inhibitory phosphorylation of eIF-2. Addition of eIF-2, eIF-2B and 2-AP changed the recognition of initiation site in a similar manner. Apparently, an increase in eIF-2 activity results in increased activity of the 40S initiation complex and more efficient binding to the nearest initiation codon.
